Keywords: Cavitand / Electrochemistry / Iron sulfur cluster / Metalloprotein model NM R and M ö ssb au er spectroscopy show that a novel tetrathiol ligand, b ased on the cavitand diphenylglycoluril, e n capsulates a 4Fe-4S cluster an d induces asym m etry in it. T he cluster gives a w e a k electrochem ical current response in DMF, with a half-w ave potential for the 2~/3~ reduction vs. F cV F c of -1.7 V. B a2+ ions are adsorbed, according to Xray analysis of the SEM im ag e of the electrode, and act as m odulator an d prom oter of the electrochem ical response. O n
Introduction
Iron is the most widely distributed transition metal in biology. Besides playing an important role in numerous catalytic transformations111, the main tasks it fulfils are those of electron transfer121 and dioxygen transport131, the latter as heme iron in myoglobin[4) and hemoglobin151, and as nonheme iron in hemerythrin161. The iron proteins re sponsible for electron transport are the cytochromes and a variety of iron-sulfur proteins, including the so-called 4-iron 4-sulfur proteins171. These 4Fe-4S proteins are invoîved in a variety of biologicai redox processes, viz. photosynthesis18,91 nitrogen fixation1' 01 and respiration11 'I Two classes of 4Fe-4S proteins can be distinguished: the ferredoxins (Fd), whose core oxidation states shuttle between 2+ and 1 + at potentials ranging from -250 to -650 mV in water vs. NHE, and the so-called high-potential iron-sulfur proteins (HiPIP) whose cores cycle between 3'h and 2 + oxidation states at potentials ranging from +50 to +450 mV vs. NHE.
Since no major differences are noted between the cores of Fd s and HP's, other factors must be responsible for the "fine-tuning" of the redox behaviour. Most likely these fac tors are H-bonding112,131, accessibihty of the core for solvent motecules1121, type o f solvent molecule1141, hydro phobicity of the protein shell1141, and (in model systems) the nature of the thiolate ligand coordinating to the core. In model systems it is possible to vary conditions and ligands in a relatively simple way and thus to influence the redox behaviour of the [4Fe-4S] cluster. These models may mimic certain aspects of metalloproteins, thereby helping to understand the complex reaction behaviour of these biomo lecules. Eventually, the mode! approach is expected to lead the basis of cyclic voltam m ogram s it is proposed that this a d sorption creates electroactive sites, ch an g in g the type of dif fusion controlling the m ass transport to the electrode from radial to linear, an d that it helps the negatively ch arg ed com plex, w hich contains a dipole, to ap p ro ach the negative elec trode in an orientation favourable for electron exchange. This feature m ak es the com plex an im portant m odel for ferred o xins, in spite of a difference in redox potential.
to new insights and also to assist in the rational design of catalysts.
Current efforts in the design of iron-sulfur protein ana logues focus on the use of cavitands and other macrocyclic ligand systems to coordinate the [4Fe-4S] core. Recent ex amples include modified cyclodextrins1151, macrocycles1 l6J 7l, cavitands based on hexa-substituted ben zenes1 l8J91, and cyclotriveratrylene[2(J1. A variety of goals are being pursued, including the improvement of the aque ous sohibility of the formed cluster, the creation of a specific iron subsite, and the mimicking of the hydrophobic HP protein pocket by encapsulation of the 4Fe-4S cluster. In recent years, we have explored the chemistry of cavitands based on diphenylglycoluril, yielding clips1211 and baskets1221 that selectively bind dihydroxybenzenes. Such baskets have been extended with ligand sets for rhodium1231 and cop per1241 ions to yield selective catalysts. In this paper we de scribe the detailed characterization of a diphenylglycolurilbased concave tetra-thiol ligand system 3, capable of coord inating a [4Fe-4S] cluster12^1. The [4Fe-4S] core in the cluster complex 4 is semi-encapsulated and exhibits an electro chemical behaviour similar to that described for metallo proteins1261, apart from a large difference in redox potential.
Results and Discussion

Ligand Synthesis
The tetrathiol ligand 3 was synthesized as shown in Scheme 1. The starting compound 1 was prepared by a pre viously published five-step synthetic route1271. Treatment of FULL PAPER Scheme 1 Figure 1 . X-ray structure of 2
The protecting groups in 2 where cleaved off quantita tively using sodium methoxide followed by acidic work-up, or by reaction with LiAlH4. Both procedures yielded a fully deprotected ligand (90% after work-up). In the IR spectra Pt 100 mM Na+ p.* 10
(4) 
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PGB electrodes. Both materials were given the same surface treatment as the electrodes used in the actual electrochemi cal measurements, viz. a polishing procedure with 0.3-pm aluminium oxide, followed by sonication. This procedure is expected to increase the number of oxidized carbon surface groups, e.g. phenolate, carboxylate, etc.*46*, which have a beneficial effect on the electrochemical current response. It was difficult to obtain a stable tunnelling current at high resolutions for the PGE electrode used in this study, and it was impossible to achieve atomic resolution. The tunnelling current was less noisy for the PGB electrode and some places showed atomic resolution. Difficulties in obtaining atomic resolution at reactive carbon sites (e.g. at the edges of etch pits on highly oriented pyrolytic graphite, HOPG) have been reported before in the literature147'. Comparison of the STM images of PGE and PGB electrodes revealed that the total surface area of the former is larger, that its surface is highly corrugated and that it has a larger vari ation in height. 
with these electrodes were run under identical conditions with solutions containing Ba2+ but no cluster complex 4. After the electrodes had been removed from the solutions. STM pictures were taken. Comparison with the images ob tained from electrodes that had not been exposed to Ba2 ! gave no indications for major changes in the overall top ography of the electrode surface (not shown). However. SEM images of the HOPG electrode showed that the sur face was covered with non-carbonic material, which accord ing to the X-ray backscattering spectrum (see Figure 9 ) con tained Ba together with Cl. Our conclusion is therefore that during the electrochemical measurements Ba2+ is adsorbed onto the negatively charged HOPG electrode. 
Type of Interaction of 4 with the Electrode Surface
Apart from facilitating electron transfer by creating electroactive sites, Ba24 ions may also assist in orienting mol ecules of 4 into the correct position with respect to the elec trode surface. Complex 4 has a dipole moment with a nega tive charge on top. Without the addition of Ba2+ ions the electrode surface will be negatively charged and 4 will tend to approach it with its negative side away from the surface, thus minimizing the electrostatic repulsion. In addition, n-K interaction between the aromatic groups on the convex side of 4 and the aromatic arrays on the surface of the graphite electrodes could stabilize a "tail-first" docking (Tshaped n-n interactions) or a "sideways'* docking (stacked 71-71 interaction, Figure 10a and b)|4S) . In the former case, 4 docks on the electrode with its Fe4S4 core away from the surface; in the latter case the molecule lies flat on the elec trode. In both situations the interactions between the redox centre and the electrode surface do not seem to be favour able for electron transfer. Upon addition of Ba24', the po larity on the electrode surface changes and a "head-first" docking is more likely (Figure 10c 
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The general trend of the experiments was that the addition of Ba2+ had no effect, except when X = SCH2CH2OH in which case Ba2t had a negative effect. Probably this cluster complex is able to form a relatively tight ion pair with Ba2+ ions due to the presence of the hydroxyl groups. This might result in a repulsion of the cluster from the Ba2+-coated electrode surface. In summary, the electrochemical results presented here can be explained by assuming a preferred mode of docking of 4 on the electrode surface (depicted in Figure 10 ). Before the addition of Ba2+ ions, a random distribution of the orientations of the cluster complexes is likely. Upon ad dition of the promoter, this distributon changes and a "head-first*' docking mode becomes predominant. In this way, the cluster core is more capable of accepting or donat ing electrons, and an increase in current is observed.
Conclusions
In this paper we have presented a novel ligand system, containing a rigid cavity and four spacer arms, terminating with thiol groups. The ligand is capable of semi-encapsulat ing an [Fe4S4]2_ cluster in an asymmetric way. As a result, the cluster complex has a dipole and exhibits electrochemi cal behaviour previously only encountered for metalloproteins. It is proposed that upon addition of a promoter (Ba2 ' ), die dipole orients itself in such a why that the complex «-locks in a favourable, "head-first" mode, allowing electron transfer. Such an orientational effect of a promoter has also been observed1 -™ 1 with proteins like rubredoxin1491, azurin[M )J, and flavodoxin1M 1. These proteins possess a quite pronounced asymmetry both in terms of the location of the redox centres and (in varying degrees) in terms of the distri bution of charged and hydrophobic surface residues1381. The mimic 4 is similar in this respect. Ba2+ ions also modulate the reduction potential of 4, shifting it by +70 mV. Finally, the addition of Ba2+ also changes the type of diffusion to the electrode, viz. from radial to linear, supporting the microscopic model proposed by Hill and Armstrong1401. 5, 7,12.13b, 13c. 14 -H exa h yd ro -l,4 ,8 ,11-tetrakis[2-(2-chloroetho.xy jethoxyJ-l3b, 13c-diphenyl-6H, 13H-5a,6a, 12a, 13a-tetraazabenz[5,6 J azuleno [2,1,8-ija ] benz [J] azulene-6,13-dione (1 ) : This compound was prepared according to a procedure1241 described by us previously. 5, 7.12, 13b, 13c, 4, 8, / -6 H . 13 H -5 a , 6 a , 12 a , 13 atetraazabenz[5,6 ] azuleno [2, azulene-6,13-dione (2):
e t h ox y j et h o x y }-13 b, 13 c-d ip h e n y
In a Schlenk vessel and under a dinitrogen atmosphere, 995 mg (3.05 mmol) of Cs2C 0 3 was dispersed in 5 ml of degassed DMF. To this suspension was added 480 mg (6.32 mmol) of freshly distilled thioacetic acid. After the C 0 2 evolution had ceased, 1 g (1.01 mmol) of 1 was added, together with a catalytic amount of Nal. The Schlenk vessel was wrapped with aluminium foil to block out light and was heated at 60°C for 18 h. In most cases a dark-yellow to red colour developed. After cooling to room temperature 70 ml of dichloromethane was added and the reaction mixture was washed with brine (6X). The organic layer was separated, dried (N a2S 0 4), filtered and concentrated under reduced pressure. The resulting solid material was purified by column chromatography on silica 60 H (eluent 1% MeOH in CHCI3) to yield 2 as a white solid (730 mg, 63%, pure according to TLC and 'H NMR). The com pound was recrystallized from acetone. C 59.17, H 6.04, N 5.41. S 12.39: found C 58.42, H 5.68, N 4.85, S 11.43. 5, 7.12, 13b, 13c, 4, 8, 6a, 6] azuleno [2, 1 , Sija] benzff]azulene-6,13-dione (3): Under a dinitrogen atmosphere 100 mg (0.087 mmol) of 2 was dissolved in 2 ml of dichloromethane. To this solution was added 4.1 ml of a 0.1 M solution of sodium methoxide in methanol. The homo geneous solution was stirred for 25 min at ambient temperature and subsequently the solvent was removed under reduced pressure. The solid material was redissolved in degassed water and the solu tion was acidified using a 2 n aqueous HC1 solution. The mixture was extracted with chloroform (3x) and the combined organic lay ers were dried (M gS04), filtered, and concentrated under reduced pressure to yield 3 as a white solid (78 mg, 92%). -M.p. 224°C. 114.30, 115.95 (X yO , 127.73, 128.23, 128.50, 128.60 (ArC), 133.46, 133.88 (XyC), 150.40, 150.83 (XyC) 
